I. I NTRODUCTION
In recent years, interest in photovoltaic (PV) power generation systems has grown among power electronics engineers because of the current environmental issues. Numerous inverter circuits and control methods have been proposed [1] - [4] . In particular, in a single-phase inverter system, power pulsation with twice the utility frequency appears at the DC input terminal, as shown in atmospheric temperature conditions. Hence, a serious breakdown may occur due to the short electrolytic capacitor lifetime. The lifetime of the PV panel has been extended to more than 20 years owing to technical innovation. However, most of the power conditioners may not work for more than 20 years without maintenance. So, it is necessary to extend the lifetime of the power conditioner in order to recover the initial cost of the PV power generation systems. Of course, we may be able to use film capacitors instead of the large electrolytic capacitors with the PPD method; however, the volume of the power conditioner must increase because the volume of the film capacitor is more than 20 times larger than that of the electrolytic capacitor.
In order to solve the abovementioned problems, an active power decoupling (APD) concept for a single-phase utility interactive inverter/converter, which can reduce the power pulsation in the input DC capacitors, has been proposed [5] - [8] . A distinctive feature of the APD concept is that the pulsated energy is stored in an additional decoupling capacitor with large voltage fluctuation. The APD circuit is composed of switching devices, a small film capacitor ex, inductor, and diodes. The instantaneous power being stored in ex is expressed as follows: (4) where Vx is the voltage of the decoupling capacitor ex.
A boost chopper circuit has been used to realize the APD function in the single-phase inverter system. However, the peak DC bus voltage at the PWM inverter increases, and switching devices with high voltage ratings have to be used. Hence, the switching loss and conduction loss of the switching devices are increased, and the conversion efficiency of the power conditioner cannot be improved.
In order to overcome this defect, this paper proposes a novel APD circuit and its control method, which provides high-efficiency power conversion. In the proposed APD circuit, both the buck-boost-type APD circuit and the direct power transfer function are applied. The buck-boost-type APD circuit enables storage of the pulsated energy in the APD capacitor with a minimum increase in the DC peak voltage at the inverter portion. Hence, the volume of the APD capacitor can be reduced, and the loss of the PWM inverter circuit can also be minimized. The direct transfer function of the APD reduces the power loss of the APD circuit. Owing to the above contributions, high conversion efficiency and longevity of the proposed power conditioner can be realized.
This paper first describes the concept of the APD method and the main circuit configuration of the proposed power conditioner. Next, a novel control method based on a single-phase p-q theory that the authors have proposed is explained. Finally, the effectiveness of the proposed method is verified through simulation and experiment on a 1 k W experimental setup. Figure 3 shows an example of a power conditioner circuit with a boost-type APD circuit, and Fig. 4 shows the proposed power conditioner circuit with a buck-boost-type APD circuit. Table 1 shows the parameters of the proposed circuit. The proposed inverter circuit is composed of a single-phase PWM inverter and an APD circuit, which is indicated by the dotted line. The power decoupling circuit stores the energy caused by the difference in instantaneous power between the input and output terminals of the power conditioner. Figure 5 shows the power flow of each operation mode. When the instantaneous output power is smaller than the input power, the power decoupling circuit operates in Mode I. The surplus input energy is transferred to the decoupling inductor Lx by turning on switch S Kl, and the stored energy is transferred to the decoupling capacitor ex by turning off switch S Kl' Therefore, the voltage of the decoupling capacitor Vx increases. When the output power is larger than the input Roc 3772 Fig. 3 . Power conditioner circuit with boost-type power decoupling circuit. The required AC output energy is supplied both from the input power source VDC and the decoupling capacitor. A part of the required energy is supplied from the input power source while switch SX 2 is turned off, and the additional energy required for the output power is supplied directory from the decoupling capacitor through switch SX 2 . Since the stored energy in the decoupling capacitor is supplied directly to the PWM inverter, the loss caused by power transmission can be minimized, and hence, the high conversion efficiency of the power conditioner can be realized.
II. M AIN C IRCUIT C ONFIGURATION
An additional switch SDC turns off when switch SX 2 operates to prevent backflow of the current from the decoupling capacitor to the input DC power source when the voltage of the decoupling capacitor is higher than that of the input DC power source. An additional switch Smi is controlled so that current does not flow to the decoupling capacitor when the AC output current flows back.
III. REQUIRED CAPACITANCE AND OPERATING VOLTAGE OF THE DECOUPLlNG CAPACITOR
In order to store the pulsating power Pri p of the single-phase inverter in the power decoupling capacitor, the power Pc stored in the decoupling capacitor needs to have the same value as the pulsated instantaneous power Pri p , as shown in Eq. (5),
where VAC is the peak value of the utility voltage, lAC is the peak value of the inverter output current, and Vx is the instantaneous voltage of the decoupling capacitor. The pulsating voltage appearing in the power decoupling capacitor is expressed as follows:
where V� is the average voltage of the decoupling capacitor. Figure 6 (a) and (b) shows the relationship between the voltage and the capacitance of the power decoupling capacitor for both the boost-type and buck-boost-type circuits, respectively. Here, the DC bus voltage is VDC =250 V, the output power is POUT =1 kW, and Vx _ max' Vx _ min' and V� represent the maximum voltage, the minimum voltage, and the average voltage of the power decoupling capacitor, respectively.
Figure 7(a) shows the voltage fluctuation in the boost-type power decoupling circuit. We can see that the minimum voltage of the decoupling capacitor V x mini must be higher than the input voltage V DC , as shown in Eq. (7) . -�-,�r_-----'r------'------ 
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For example, when 50 uF is used for the decoupling capacitance, the maximum voltage appearing at the DC bus of the PWM inverter reaches 440 V. This operating condition is very close to the limitation for a power device with a 600 V voltage rating, and sometimes, a power device with higher voltage rating is required. 
Vx(t) =
Hence, the control command for the average voltage of the decoupling capacitor is expressed as
For example, when 50 uF is used for the decoupling capacitance, the maximum voltage appearing at the DC bus of the PWM inverter is reduced to 370 V because the minimum voltage is reduced to 100 V. In this operating condition, a power device with a 600 V voltage rating (or less) can be used very safely, and also, the switching loss of the power device can be reduced. This is a big advantage of the high conversion efficiency of the power decoupling type power converter.
IV. C ONTROL M ETHOD

A. Control a/power decoupling circuit
In order to ensure accurate control of the power decoupling circuit, calculation of the pulsated instantaneous power Pri p , which is given by Eq. (3), is important. In order to calculate the pulsated power Pri p , the single-phase p-q theory that the authors have already proposed [9] is used. A feature of the single-phase p-q theory is that the instantaneous reactive and effective power are calculated in the rotating d-q coordinate system that is synchronized with the utility voltage.
In order to perform the d-q transformation shown in Eq. (11), it is necessary to know two values for the stationary frame: va and vJ3. Also, the other orthogonal value of vJ3 on the f3-axis is given as a virtual value. Since the rotating coordinate system needs to synchronize with the utility voltage, a PLL circuit as shown in Fig. 8 is used. Figure. the voltage and current values of the single-phase inverter and the virtual voltage and current vectors on the rotating coordinates. In the PLL circuit, an estimated virtual value for vJ3 is generated using the following equation:
Hence, we could detect the peak amplitude of the utility voltage VAC, which can be detected from the d-axis value. Since the inverter current iAC is controlled to synchronize with the utility voltage V AC, the current value l AC appears at the d-axis value id, in the rotating coordinate system. Once we obtain the voltage and current values on the d-q frame, the instantaneous pulsating power Pri p , as shown in Eq. (3), is given. Figure 10 shows a block diagram of the power decoupling control. The power decoupling control circuit is composed of current control for the decoupling inductor iXl and average voltage control for the ∫ θ decoupling capacitor Vx. Hence, the inductor current command iX1 * is given by
The average voltage control command for the decoupling capacitor is added to the power decoupling control command in order to keep the average voltage at the desired value. The gate signal of switch 5X1 is generated by the PWM device.
B. Output current control
In order to generate the sinusoidal output current, the PWM signal is modified from the conventional one. Figure 11 shows the switching pattern when the output current is positive. While the left arm switches of the inverter (Sl, S2) are controlled using PWM with a carrier frequency of 20 kHz, the right arm switches (S3, S4) are controlled to convert the polarity of the output current with a utility frequency of 50 Hz. Switch S4 turns on and S3 turns off while the output current is positive, so their switching losses are reduced. The gating signals of these switches are given based on the operation mode (Modes I and II).
For Mode I, the required output power is supplied from only the input power source. Hence, the output current control and the modulation of the PWM inverter are performed in the same manner as with a conventional PWM inverter. The modulation signal for the switch 51 is given by
and the gate signal of switch 51 and the pulse waveform appearing at the output terminal of the inverter v I N V are shown in Fig. 12(a) . Please note that the surplus of the input current supplied from the DC power source is stored in the power decoupling capacitor by the proper operation of the power decoupling circuit, and hence, the input current is maintained at a constant value.
In Mode II, the required output power is supplied both from the input power source and the decoupling capacitor. Hence, a modulation that provides both a constant input power and the power decoupling operation has to be applied. In order to realize the above requirement, the time-sharing modulation method is applied.
In the first stage, switches S I and S4 are turned on, whereas switch 5X 2 is kept off, and part of the required output power is supplied from the input power source. in the conventional PWM inverter, the current flowing from the DC link (iDCJ i nk ) fluctuates and is expressed as
In order to realize a constant DC input current, the modulation signal ADC(t) for switch SI is modified to
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Another required output power is supplied from the decoupling capacitor by turning on switch 5X2 ' Hence, the gate signal of switch 5X2 and the resultant pulse waveform that appeared in the output terminal of the inverter v I N V are shown in Fig. 12(b) Ax(t) = (A(t) -ADc(t))
Since switch 5X2 turns off just after switch 51 is turned off, the switching losses and surge voltage appearing at switch 5X2 are suppressed.
Based on the above design, a control block diagram of the output current is shown in Fig. 13 . Figure 14 (a) and (b) shows the simulated results for both the inactive and active condition of the proposed power decoupling method, respectively, where the input voltage is VDc=120 V, the output voltage is VAC=SO V, and the output power is Pout = 100 W. When the power decoupling circuit is inactive, a large pulsating current (2 A) appears in the DC input current iDc, However, when the APD is activated, the previous pulsating current is reduced to O.S A, which is 2S% less than the pulsating input current. This contributes to the suppression of the conversion efficiency reduction. A large voltage pulsation with twice the utility frequency appears in the power decoupling capacitor voltage. This means that the pulsating power caused by the AC output power is compensated by the operation of the power decoupling circuit. In addition, the decoupling capacitor voltage reduces to below the DC bus voltage. This result shows that we can use lower voltage ratings for the power devices.
V. E XPERIMENTAL R ESULT
Figure lS(a) and (b) shows the experimental results for both the inactive and active conditions of the power decoupling method, respectively, which are the same conditions as in the simulation results in Fig. 14 . The decreasing rate of pulsating input current is 4S% before and after power decoupling, which is larger than in the simulation result. This could be reduced more by improving the control method. The total harmonic distortion (THD) of the output current iAc is 4.S% and is sufficient to connect to the grid.
The experimental result for the conversion efficiency is 89% for the conditions in Fig. IS . This could be improved by increasing the output power.
VI. C ONCLUSION
This paper presented a novel single-phase inverter with a buck-boost-type power decoupling function. The proposed control method provides a low ripple current at the DC input portion, and it enables the use of small long-life capacitors such as film capacitors instead of electric capacitors. The effectiveness of the proposed system was verified by experiment with a I kW setup.
